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Introduc@on	
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² Only	  5%	  from	  ordinary	  maHer,	  27%	  dark	  
maHer	  &	  68%	  dark	  energy	  
ü  Supported	  by:	  

1.  Gravita@onal	  lensing	  
2.  CMB	  fluctua@ons	  

→ Fundamental	  ques@on:	  What	  is	  dark	  maHer?	  
ü  Long	  list	  of	  candidates	  (WIMP,	  Axion,	  

SUSY,	  …)	  

Composi(on	  of	  our	  universe	

a.  Extension	  of	  the	  Standard	  Model	  (SM)	  
b.  Addi@onal	  new	  gauge	  field	  -‐	  Dark	  photon	  

ü  Mo@vated	  by	  experimental	  results	  can	  not	  be	  described	  by	  SM	  	  

New	  possibility	  –	  dark	  sector	



Possible	  BSM	  phenomena	

Positron	  excess	  in	  cosmic	  rays	

?	

²  Dark	  photon	  models	  are	  strongly	  mo@vated	  by:	  
1.  Positron	  frac@on	  in	  cosmic	  rays	  

ü  Excess	  over	  the	  SM	  predic@on	  (PAMELA,	  AMS-‐02)	  
2.  Muon	  anomalous	  magne@c	  moment,	  aµ ≡	  (gµ-‐2)/2	  

ü  Very	  precise	  measurement	  as	  well	  as	  theory	  calcula@ons	  
ü  About	  3σ	  devia@on	  from	  the	  SM	  predic@ons	  (BNL-‐E821)	  

Beyond	  Standard	  Model	  (BSM)	  phenomena	

– 6–
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Figure 2: Compilation of recent published re-
sults for aµ (in units of 10−11), subtracted
by the central value of the experimental av-
erage (3). The shaded band indicates the size
of the experimental uncertainty. The SM pre-
dictions are taken from: JN [4], DHMZ [17],
HMNT [21]. Note that the quoted errors in
the figure do not include the uncertainty on the
subtracted experimental value. To obtain for
each theory calculation a result equivalent to
Eq. (15), the errors from theory and experiment
must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.6 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 2.4σ, assuming

the isospin-violating corrections are under control within the

estimated uncertainties (see Ref. 32 for an analysis leading to a

different conclusion).

An alternate interpretation is that ∆aµ may be a new

physics signal with supersymmetric particle loops as the leading

candidate explanation. Such a scenario is quite natural, since
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Discrepancy	  of	  aµ	  from	  SM	  predic(ons	  	

?	
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²  Introduc@on	  of	  an	  addi@onal	  U(1)	  gauge	  symmetry	  
ü  Gauge	  boson	  =	  dark	  photon	  referred	  to	  as	  U	  (also	  A’	  or	  Zd’)	  
ü  Communica@on	  with	  SM	  through	  a	  small	  mixing	  on	  the	  kine@c	  

term	  of	  the	  QED	  Lagrangian	  
ü Mixing	  with	  ordinary	  photons	  in	  all	  processes	  	  
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Figure 1: Feynman diagrams for a) the lowest order electromagnetic π0 → e+e−γ decay and
a possible contribution of U vector boson to: b) π0 → e+e−γ and c) lepton g − 2.

1. Introduction

Decays of neutral pseudoscalar mesons into a lepton-antilepton pair and
a photon, P → l+l−γ, are among the tools to search for a new light vector
boson connected with dark gauge forces [1, 2, 3]. The boson is postulated in
several theoretical models to be responsible for the annihilation of dark matter
particles. Such annihilation into an e+e− pair could explain the positron and/or
electron excesses observed by PAMELA [4], ATIC [5] and H.E.S.S. [6] as well
as the narrow 0.511 MeV γ ray emission from the galactic bulge observed by
INTEGRAL [7].

In one of the simplest scenarios dark matter particles belonging to an addi-
tional abelian gauge symmetry are added to the Standard Model (SM). The new
symmetry leaves the SM particles unchanged [8, 9, 3, 10]. The associated gauge
boson can communicate with the SM through a small mixing in the kinetic term
of the QED Lagrangian [11]:

Lmix = −
ε

2
FQED
µν Fµν

dark (1)

where ε is the mixing parameter. The gauge boson U (or A′) is often called
a dark photon since it can mix with the photon in all processes (examples are
shown in Figs. 1b) and c). General theoretical arguments [12, 13] suggest that
the ε parameter must be of the order of 10−4 − 10−2 and the boson mass MU
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Mapping	  in	  parameter	  space	  	
² Situa@on	  about	  1	  year	  ago	  

ü  Theory	  curves	  from	  Hye-‐Sung	  Lee	  
&	  Bill	  Marciano	  

ü  Uncovered	  region	  in	  30-‐50MeV	  
for	  the	  muon	  g-‐2	  explainable	  
band	  with	  90%	  CL	  	  

→ 	  Strong	  mo(va(on	  for	  our	  
measurement	  
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Search	  in	  π0/η	  Dalitz	  decays	

² Assump@on:	  Dark	  photon	  exclusively	  decays	  into	  e+e⁻	  pair.	  
ü  Its	  natural	  width	  is	  very	  narrow.	  

•  Expected	  peak	  width	  =	  detector	  mass	  resolu@on	  
ü  Similar	  approach	  with	  COSY-‐WASA,	  HADES,	  NA48/2	  

Measurement	  of	  π0/η→γU→γe+e⁻	  in	  Dalitz	  decays	  	

Dark	  photon	

1.  Large	  sta@s@cs	  of	  e+e⁻	  from	  π0/η	  Dalitz	  decays	  	  
2.  Good	  mass	  resolu@on	  of	  e+e⁻	  	  

Important	  requirements	  for	  this	  measurement	

Ref.	  PLB	  726,	  187	  (2013)	

U	
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PHENIX	  experiment	  at	  RHIC	

² Rela@vis@c	  Heavy	  Ion	  Collider	  at	  BNL	  
ü  Collision	  species:	  p+p,	  d+Au,	  Au+Au,	  Cu+Cu,	  U+U,	  …	  
ü Maximum	  collision	  energy:	  200	  (for	  HI),500	  (for	  p+p)	  GeV	  

ü  Running	  since	  2001	  
² PHENIX	  experiment	  

ü  Originally	  designed	  for	  the	  study	  of	  Quark	  Gluon	  Plasma	  
ü  One	  of	  two	  major	  experiments	  at	  RHIC	  

5/12	  



e+e-‐	  measurement	  at	  PHENIX	

e+	  

e-‐	  

2006/2008	 2009	

² Datasets:	  200GeV	  p+p	  (2006/2009)	  &	  d+Au	  (2008)	  
ü  Material	  budget	  before	  DC:	  0.39%	  X0	  for	  2006	  &	  2008	  runs	  
ü  2009	  run	  w/	  Hadron	  Blind	  Detector	  (addi@onal	  2.4%	  X0)	  

² e+e-‐	  measurement	  in	  |η|<0.35,	  2×90°	  in	  φ	

ü  Tracking:	  Driv	  Chamber	  &	  Pad	  Chamber	  

•  δp/p=1%	  ⨁	  1.1%	  ×	  p	  [GeV/c]	  
ü  Electron	  trigger	  &	  ID:	  RICH	  &	  EMCal	  (E-‐p	  matching)	  

•  Hadron	  rejec@on	  >	  103	  

6/12	  



Background	  subtrac@on	
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² Evalua@on	  of	  the	  following	  BG	  contribu@ons	  using	  e+e+	  &	  e-‐e-‐	  pairs	  
a.  Combinatorial	  pairs	  between	  totally	  uncorrelated	  electrons	  
b.  Jet	  pairs:	  electrons	  from	  hadrons	  in	  the	  same	  or	  back-‐to-‐back	  jets	  
c.  Cross	  pairs:	  fake	  pairs	  from	  decays	  with	  2e+e-‐	  in	  a	  final	  state	  

² Sum	  of	  Background	  contribu@ons	  <	  10%	  in	  mee<100MeV	  for	  e+e-‐	  

Unphysical	  background	  pairs	

2006Run	 2008Run	



0 10 20 30 40 50 60 70 80 90

)2 c
C

ou
nt

s/
(1

 M
eV

/

10

210

310

410

510
(a) p+p (2006)

10 20 30 40 50 60 70 80 90

10

210

310

410

510
(b) d+Au (2008)

]2c [MeV/eem
10 20 30 40 50 60 70 80 90 100

10

210

310

410

510
(c) p+p (2009)

Data
BG
η
'η

conversion

cocktail
0π
ω
φ

e+e-‐	  mass	  spectra	
8/12	  

² 700k	  (p+p)	  +	  1.0M	  (d+Au)	  =	  total	  1.7M	  e+e-‐	  from	  π0/η	  Dalitz	  decays	  
² Described	  well	  by	  a	  “cocktail”	  of	  known	  hadron	  decays	  +	  BG	  
² No	  significant	  dark	  photon	  peak	  visible	  
→ A	  sta@s@cal	  test	  to	  extract	  a	  possible	  dark	  photon	  signal	  behind	  a	  

huge	  amount	  of	  e+e-‐	  from	  Dalitz	  decays	  

Correlated	  e+e-‐	  mass	  spectra	  afer	  BG	  subtrac(on	



BG	  descrip@on	  for	  peak	  search	
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26 CHAPTER 2. ANALYSIS

2.4.2 Determination of the Dalitz continuum yield

The Dalitz continuum yield is determined by fitting to the data with a reasonable
function. The fit function is based on the Kroll-Wada formula which essentially
describes the Dalitz continuum distribution of hadrons. Additionally, the Cheby-
chev polynomial is combined with the Kroll-Wada formula to take into account for
a distortion of the mass shape due to an acceptance as:
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where rh/p0 is the yield weight of h against p0 and f

i

chebychev

is the i-th order Cheby-
chev polynomial, respectively. The Kroll-Wada formula is simplified into a power-
law and the p0 and h contributions are only considered. rh/p0 is fixed at 0.12 which
is the weighted average of the h/p0 yield weights for Run6 and Run8. The i-th or-
der Chebychev polynomial function is written by:

f

i
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i

Â
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a

n

T

n

(x), (2.8)

in �1 < x < 1 and the first few polynomials, T

n

(x) are

T0(x) = 1, (2.9)
T1(x) = x, (2.10)
T2(x) = 2x

2 � 1, (2.11)
T3(x) = 4x

3 � 3x, (2.12)
T4(x) = 8x

4 � 8x

2 + 1. (2.13)

Then, x should transform according to the following equation:
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). (2.14)

We attempts several piecewise fits to find the best description for the Dalitz
continuum distribution as follows:

• Full range fit (25-95 MeV/c

2)

• 2-piecewise fit (25-60 MeV/c

2 & 55-95 MeV/c

2)

• 3-piecewise fit (25-95 MeV/c

2 & 35-80 MeV/c

2 & 55-95 MeV/c

2)

Kroll-‐Wada	 Chebychev	  polynomial	

² Common	  fit	  func@on	  for	  the	  data	  sets	  with	  different	  scale	  factors	  
ü  	  Chebychev	  polynomial	  allows	  for	  a	  slight	  devia@on	  from	  Kroll-‐Wada	  

shape	  due	  to	  detector	  effects.	  
ü  Two	  separate	  fit	  ranges	  to	  avoid	  having	  a	  local	  bad	  χ2	  

•  Smoothly	  connec@ng	  at	  the	  break-‐point	  



Dark	  photon	  event	  limits	
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² Calculate	  rela@ve	  likelihoods	  of	  how	  well	  the	  data	  is	  described	  by:	  
1.  Only	  Dalitz	  background	  	  
2.  Dark	  photon	  signal	  +	  Dalitz	  background	  

ü  Peak	  width	  =	  3.1MeV	  dominated	  by	  detector	  resolu@on	  

CLs	  approach	

² Upper	  limits	  of	  dark	  photon	  candidates	  with	  90%	  CL	  
ü  Experimental	  sensi@vity	  with	  ±1,2σ	  uncertain@es	  are	  shown.	  
ü  Observed	  limits	  within	  the	  2σ	  fluctua@on	  of	  our	  sensi@vity	  
→  No	  dark	  photon	  signal	  was	  observed.	  



Upper	  limits	  in	  parameter	  space	
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² Transla@on	  into	  limits	  in	  mU-‐ε2	  
space	  
ü  	  	  

The dark photon mixing parameter can then be determined from the peak height ratio, R(mU) =

(dNee/dmee)⇡0,⌘!�U/(dNee/dmee)⇡0,⌘!�e+e� , as follows

✏

2 =
2↵EM

3⇡

�

mU

p
2⇡R(mU). (5)

The analysis presented here is based on a precise measurement of virtual photons from ⇡

0

40

and ⌘ Dalitz decays (21) across three PHENIX datasets all taken with a single electron trigger at41

a collision energy of psNN = 200 GeV: 4.8 pb�1 of p+p collected in 2006, 82.3 nb�1 of d+Au42

collected in 2008, and 6.0 pb�1 of p+p collected in 2009. Here, the d+Au statistics corresponds43

to 2 ⇥ 197 ⇥ 82.3 nb�1 = 32.4 pb�1 of nucleon-nucleon collisions. A single electron trigger44

threshold for the d+Au run was higher than that for the p+p runs. The hadron blind detector45

(HBD) (22), was installed in the experiment around the primary collision point prior to the 200946

data taking period. The additional material of the HBD resulted in a corresponding increase in47

the external photon conversion rate. The experiment was also operated with a reduced magnetic48

field integral during the period of HBD data taking. These effects substantially alter the shape49

of the 2009 e

+

e

� mass spectrum below 40 MeV/c2 relative to the spectra from 2006 and 2008,50

and for these reasons we restrict the 2009 analysis to the region 40 < mU < 90 MeV/c2.51

The PHENIX apparatus (23) was designed with only 0.39% of a radiation length (X
0

) in52

front of tracking detectors generating a small amount of conversions in the experimental aper-53

ture along with excellent momentum resolution and electron identification. The HBD brought54

an additional material budget of 2.4% ⇥ X

0

for the 2009 run. The tracking system comprises55

drift wire and pad chambers with a momentum resolution of �p/p = 1% � 1.1% ⇥ p [GeV/c].56

Charged tracks with momenta above 0.2 GeV/c and |⌘| < 0.35 fall within the PHENIX accep-57

tance. Electron identification requires hits in a Ring Imaging Čerenkov detector and energy-58

momentum matching in an electromagnetic calorimeter with an energy resolution of �E/E <59

10%/

p
E [GeV].60

4

ü  R(mU)=NU(mU)/NDalitz(mU)	  
² Upper	  limits	  in	  30-‐90MeV	  

ü  Stricter	  than	  KLOE,	  WASA,	  
HADES,	  A1	  

ü  Combining	  with	  BaBar,	  the	  
muon	  g-‐2	  explainable	  band	  
is	  almost	  ruled	  out.	  

→ Completely	  excluded	  by	  NA48/2	  
recently	  (arXiv:	  1504.0607)	  



Summary	  and	  outlook	
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² Dark	  photon	  search	  was	  performed	  through	  π0/η	  Dalitz	  decays	  
at	  PHENIX	  
ü  Analyzed	  1.7M	  pairs	  in	  2006-‐2009	  data	  
ü  No	  dark	  photon	  signal	  was	  observed.	  
ü  Combining	  with	  the	  other	  experimental	  results,	  dark	  photon	  

is	  ruled	  out	  as	  the	  explana@on	  for	  measured	  aµ	  anomaly.	  	  
ü  Published	  paper:	  Phys.	  Rev.	  C	  91,	  031901	  (2015)	  

Summary	

² Further	  analysis	  with	  the	  recent	  high	  
luminosity	  data	  and	  a	  silicon	  vertex	  
detector	  

Outlook	
2014	  Au+Au	

2008	  d+Au	


